Abstract United States soldiers are returning from the Greater Middle East with respiratory illnesses ranging from new onset asthma to constrictive bronchiolitis. The etiologies of the diseases are unknown. A study was conducted to determine the possible role of local mineral dust in the development of abnormal respiratory illnesses in soldiers during and after deployment in Iraq. A dust sample obtained in proximity to a burn pit in Camp Victory, Iraq (Camp Victory dust) was characterized both chemically and mineralogically. For comparison, a dust sample from Fort Irwin, California (Fort Irwin dust) was also collected. The ability of the dust samples to generate reactive oxygen species (ROS) was quantified, as well as their ability to generate an inflammatory stress response (ISR) in human lung epithelial cells. Both samples are composed of common silicate and carbonate minerals and contain heavy metals with concentration ranges expected for mineral dust. The ISR generated by each sample was within the range of inert material with the minimal stress generated associated with the carbonate phases. The findings based on this one sample suggest that the origin of the disease is not driven by the particles ability to generate ROS. However, it is likely that particle overload and associated complications, or endotoxin contributes extensively to pathogenesis.
Introduction
Soldiers are experiencing lingering health effects associated with their deployment to Iraq. Apart from combat-related injuries, a significant number of soldiers returning from the Greater Middle East have lung illnesses ranging from new onset asthma to constrictive bronchiolitis [King et al., 2011; Szema et al., 2011] . The rate of asthma development among soldiers is higher for troops that have been deployed in Iraq than those remaining stateside (6.6% versus 4.3%, respectively) [Szema et al., 2011 [Szema et al., , 2012 . In fact, 14% of medic visits in Iraq were due to respiratory complaints [Kilpatrick, 2011] . More recent studies show that the rates of sinusitis, respiratory symptoms, and asthma are also significantly elevated among stateside U.S. military personnel after deployment to Iraq [Abraham et al., 2014; Barth et al., 2014] . However, this issue is not limited to U.S. military personnel. A study investigating Polish coalition soldiers also found acute respiratory tract diseases to be prevalent and correlated this finding with environmental factors, such as extreme temperature fluctuations, unsanitary conditions, and sand and dust storms [Korzeniewski et al., 2013] .
The conditions in the Greater Middle East are dramatically different from the usual conditions that soldiers are exposed to in the United States. Average rainfall in Iraq is low (216 mm per annum versus 715 mm per annum for Iraq and United States, respectively), leading to dry soil and dust-filled air [Bank, 2013] . Specifically, the average particulate matter (PM) 10 and PM 2.5 mass in the Greater Middle East is an order of magnitude higher than in southwestern United States [Engelbrecht et al., 2009a] . Recurrent dust storms, predominately composed of geological dust, smoke from burning trash, and industrial processing facilities, can place as much as 10,000 μg/m 3 of PM 10 in the air, which is 154 times higher than the exposure standard for soldiers [Engelbrecht et al., 2009a; Lyles et al., 2008; Morman and Plumlee, 2013] . Although masks are made available to military personnel, they are often not worn due to the heat and because they clog quickly, due to the high concentration of PM. Given that the inhalation of PM 10 particulate dust can trigger asthma in the absence of allergic sensitization and low levels of ambient pollution are capable of interfering with normal biological pathways, this level of exposure is of great concern [Park et al. [Falvo et al., 2015] . The current study focuses on airborne hazards, specifically natural dust (e.g., sand, soil, and associated microflora) collected near a burn pit used to incinerate organic and inorganic waste, including spent ammunition and jet fuel. Since the lung illnesses observed are inflammatory in nature and therefore more indicative of an overabundance of reactive oxygen species (ROS) within lungs, the ability of the dust sample to contribute to this process is examined [Vandivier et al., 2006] .
In general, a material can generate inflammation within the body in a number of ways. One proposed pathway to inflammation is particle-induced formation of ROS via reactions with surface defects and/or particle-mediated Fenton chemistry [Schoonen et al., 2006] . In Fenton chemistry, dissolved molecular oxygen is reduced stepwise by dissolved ferrous iron, leading to the formation of superoxide, hydrogen peroxide, and hydroxyl radical. In particle-mediated Fenton chemistry the reduction of dissolved molecular oxygen can take place at iron atoms exposed on particle surfaces or in solution with iron released by the particle. It is now widely recognized that metals other than iron, such as chromium, manganese, vanadium, and copper, can also facilitate Fenton chemistry. Apart from directly increasing the ROS level in cells, particle-derived metals may also affect the homeostasis between prooxidant and antioxidant within cells by reacting with antioxidants, thereby tipping the balance in favor of prooxidants.
A second pathway to particle-induced inflammation is driven by the mere exposure to particulate matter, regardless of its reactivity. Particle exposures leading to a lung burden in excess of 1 μg/L impair alveolar macrophage (AM)-mediated lung clearance. This condition, called particle overload, leads to a decrease or even cessation of the phagocytosis of particles. This particle-induced suppression of phagocytosis can also diminish the ability to clear dead or dying cells from the lung through phagocytosis, a process referred to as efferocytosis. A lack of efficient efferocytosis exacerbates the inflammation by generating secondary necrotic cellular death. If the particulate material is cytotoxic, phagocytosis may be compromised at exposure levels below the threshold triggering impairment when exposed to unreactive material. [Oberdorster, 1995] In this study we evaluate the inflammatory stress response (ISR) of epithelial lung cells to a dust sample collected in Iraq. Defined as cellular ROS upregulation normalized by cellular viability, the ISR is an indicator of particle toxicity. This qualitative technique is utilized to determine whether the Iraqi material elicits an unusually strong cellular response compared to dust collected at an arid location in the United States and standard reference soils. The inorganic components of both CVD and FID dust samples were fully characterized. Morphology was examined using the LEO Gemini 1550 (Figure 1 ). The mineralogy of each dust samples was determined using a Scintag PAD X-ray diffractometer under the following conditions: CuKα1, 40 kV, 25 mA, 5°-75°2θ, step 0.02°2θ, and counting times of 5-10 s per step. Complete chemical analyses were performed using X-ray fluorescence (XRF) at the Geoanalytical Laboratory at Washington State University. The XRF analysis is based on a lithium borate fused glass bead of the sample. In order to determine the origin of toxicity within the dust,
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carbonate phases were dissolved by exposing a subsample of each dust to a 1.0 M HCl solution for about 12 h with agitation. The acid-treated material was reanalyzed in-house with a Bruker S4Pioneer XRF using the pressed pellet method. For normalization of exposure experiments, the surface area was determined using a Quantachrome NOVA 5-point BET analyzer using ultrahigh purity N 2 gas.
Particle-Derived Reactive Oxygen Species Formation
The formation of hydroxyl radical (˙OH) and hydroxyl radical plus hydrogen peroxide (˙OH + H 2 O 2 ) was determined upon dispersal of the dust in water. The analysis foṙ OH and˙OH + H 2 O 2 was conducted using a protocol developed by Cohn et al. [2009] which is based on the reaction of 3 0 -(p-aminophenyl) fluorescein (APF) with˙OH forming fluorescein [Setsukinai et al., 2003] . The APF probe has a very high specificity for˙OH. By adding horse radish peroxidase (HRP) any H 2 O 2 will be converted and leads to the formation of fluorescein. Hence, by adding HRP the concentration of˙OH + H 2 O 2 is determined. Following the protocol outlined in Cohn et al. [2009] we measured both the production of˙OH and˙OH + H 2 O 2 after 24 h of incubation.
Endotoxin Quantification
The presence of endotoxin within the CVD and FID was quantified by generating a 0.1 m 2 /mL slurry in sterile autoclaved DI water. The slurry was rotated end-over-end for 1 h at STP and centrifuged to remove the particles. The supernatant was then analyzed using the Pierce ™ LAL Chromogenic Endotoxin Quantification Kit.
Culturing and Plating the A549 Human Lung Epithelial Cell Line
The A549 human lung epithelial cell line was utilized. The cells were cultured and plated using a previous published protocol . The cell growth media consisted of predominately Ham's F12K Media with 10% fetal bovine serum and 1% 1X penicillin/streptomycin. Trypsin with ethylenediaminetetraacetic acid was used to lyse the cells for passage and plating. Cell quantification was determined with Trypan blue stain on a hemocytometer.
To maximize replicates and experimental conditions, 96-well microplates were utilized. When plating, columns 3 through 10 were loaded with 8 × 10 4 cells/mL, covered with a microplate lid, and allowed to incubate at 37°C in culturing media until confluent (approximately 2 days). Columns 1, 2, 11, and 12 were kept cell free for normalization. In order to avoid airborne bacteria, sterile hoods were always employed when working with the cells and microplate lids were utilized when not in the hood. Temperature, relative humidity, and carbon dioxide (CO 2 ) concentration in air were kept constant (37°C, 95% and 5% CO 2 in air, respectively) in the incubator. 
Inflammatory Stress Response Measurements
A previously published protocol was used to determine the inflammatory stress response generated by particle contaminates . Cell growth media was discarded upon experimental initiation, and columns 1-6 were filled with 200 μL 50 μM 2 0 ,7
Aldrich in Hank's Buffered Salt Solution (HBSS), and columns 7-12 were filled with 200 μL HBSS, and then placed in the incubator for 20 min. All liquid contents were again discarded, and 200 μL of the contaminant slurry was added to selected wells. The range in dust particle loadings was derived from serial dilutions of two stock solutions. Initial experiments were performed using a stock solution of 0.002 m 2 /mL, and follow-up experiments were performed using a stock solution of 0.05 m 2 /mL. A row of wells were kept contaminant free for normalization (control). After the addition of the contaminant slurry, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) from Promega was added to wells in columns 7-12. Plates were then placed in the incubator for 30 min until the first analysis. Duplicate plates allowed for eight wells in each experimental condition.
Since each plate contained fluorometric (DCFH-DA) and colorimetric (MTS) probes, two plate readers were utilized. A Thermo Scientific's Fluoroskan Ascent was used to determine the fluorescence developed as a result of the addition of DCFH-DA, while a Molecular Devices' SpectraMax 340PC384 was used to determine the color associated with the MTS probe. Plates were analyzed systematically over 24 h. For all times outside of incubator, the microplates were kept in foil to keep out light. The pH of the plate wells was determined with a Sensorex Combination pH Electrode (1.27 cm in diameter) attached to a Fisher Scientific Accumet Portable pH meter.
Results
The two dust samples were predominately composed of the same mineral assemblage with quartz, calcite, and feldspar representing the bulk mineralogy (Table 1) . Camp Victory dust (CVD) also contained aragonite and dolomite, and Fort Irwin dust also contained chlorite and illite. The elemental analysis of each dust sample did not show any anonymously high heavy metals concentrations. In fact, except for the elevated chromium and nickel concentrations in CVD, these dust samples are similar to NIST standard reference material #2709A, a soil collected in San Joaquin Valley, California. Along with glass beads, the San Joaquin Valley soil acts as a negative control . The slightly elevated chromium and nickel levels in CVD might be related to the presence of a suite of accessory minerals derived from igneous rocks. By treating dust samples with 1.0 M HCl overnight and removing dissolved constituents, manganese was determined to be mostly associated with the carbonate phases in both dusts (see Table 1 CVD generated 25% of the˙OH and 28% of the˙OH + H 2 O 2 of FID when dispersed in solution for 24 h (Figures 2 and 3) . When normalized to surface area these values dropped, with CVD having generated 16% of the˙OH and 17% of the˙OH + H 2 O 2 of FID. Both the CVD and FID contained endotoxin in quantities that exceeded the detection limit of the probe (1 EU/mL).
The initial particle loading utilized for this study was 0.002 m 2 /mL. This loading was chosen for comparison with other inflammatory stress response studies . At the highest loading for this particle loading range, the greatest ISR generated by CVD was 159% of the control. FID generated an ISR 220% higher than the control. Given that there was no significant loss of cell viability the increase in ISR compared to the control was derived by the upregulation of ROS. Both of these ISR values were within the range caused by inert glass beads and anatase . Besides the standard particle loading, we also conducted a set of experiments at higher loadings to simulate the high exposure burden encountered by personnel in the Middle East theater of operations. The ISR resulting from exposure to CVD dust increased to 3312% of the control at a particle loading of 0.05 m 2 /mL (Figure 4) . The ISR generated by FID dust increased to 2433% of the control. The ISR generated by both dust samples generally increased with time and was predominately attributed to an upregulation in cellular-derived The ISR generated by Camp Victory, Iraq, dust over a range of particle loadings and times points. Inset displays the ISR generated by Camp Victory dust at low particle loadings. For some data points, the error bars are hidden by the symbols. ROS. The ISR generated by the acid-treated CVD and FID was 288 and 550% of the control, respectively, both occurring early into exposure (20 min and 1 h, respectively). Unlike with the untreated dust samples, the ISR was predominately driven by necrotic cellular death.
For comparison, ISR experiments were performed on glass beads and two NIST soil standards using the elevated loading of 0.05 m 2 /mL. Due to extreme loss of cell viability at the 0.05 m 2 /mL loading for both NIST standards, the 0.025 m 2 /mL loading was used for comparison with the dust samples. The ISR generated by the Montana NIST soil was 36,600% of the control at the 24 h time point, progressively increasing with time ( Figures 5 and 6 ). The ISR generated by the San Joaquin NIST soil was 2952% of the control at the 8 h time point and decreased to 1954% of the control at 24 h. The ISR values for both NIST soils were driven up both cellular ROS upregulation and extreme cell death at the highest particle loadings. The ISR generated by the inert glass beads was the highest at 8 h (280% of the control) and exhibited only a small amount of cellular death. The ISR generated by CVD and FID at the lower loading of 0.025 m 2 /mL was 1967 and 1412% of the control, respectively (Figures 7 and 8 ).
Discussion
The CVD sample investigated in this study is similar to other dust samples collected throughout the Greater Middle East; containing the same characteristic elevation in calcium carbonate respective to worldwide dust [Engelbrecht et al., 2009a] . However, as with other grab samples, there are some differences in the concentration of trace metals between CVD and ambient air samples from the Middle East. Specifically, the CVD contains relatively more chromium and nickel and less lead and zinc than the average ambient PM sample [Engelbrecht et al., 2009a [Engelbrecht et al., , 2009b . The FID, while similar to CVD, is composed of higher proportions of silica. It is difficult to evaluate how much of the combusted burn pit material is within the CVD sample. However, the relatively low concentration of heavy metals and the lack of elevated amorphous material within the sample, which would indicate glass sinters, suggest that it is not a major component.
The dust collected at Fort Irwin appears to elicit a stronger cellular response than the Iraqi dust, but both are far less reactive than the two soil reference materials that were also tested (Table S1 in the supporting Besides the magnitude of the cellular response to the challenge, it is also useful to evaluate the temporal changes in ISR values. Changes in ISR over time provide insight into how cells respond to the exposure. For example, although exposure to chalcopyrite (CuFeS 2 ) leads to an significant loss of cell viability initially, the cell survival increased over time and the ISR values drop [Harrington et al., 2014] . As noted above, the ISR generated by CVD was lower than the NIST soil with baseline trace elements (2709), but, unlike this NIST soil, the ISR steadily increased with time over 24 h. This rising response indicates that the inflammation is likely to continue to increase, whereas cells challenged with the NIST 2709 manage to adapt to the challenge. Furthermore, CVD generates an ISR value that is nearly sevenfold that for glass beads at their peak ISR value. Therefore, the CVD is not inert, and we conclude, on the basis of the experiments described here, that the material is considered slightly cytotoxic, on par with the average natural dust or soil. It is also noted that while the majority of the ISR is generated by the carbonate phases and metals incorporated in carbonates (e.g., manganese), the origin of the ISR between the untreated and acidtreated material differs. The ISR generated by the untreated dust samples is driven by the upregulation of ROS, possibly related to the ROS generated by the material. Whereas the minimal ISR generated by the acid-treated material is driven by cellular death, indicating other immunosuppressive properties.
Based on this in vitro technique and comparison with other standard samples, the geochemical components of the dust are considered nonhazardous if exposures are limited to the World Health Organizations AQ Guidelines for daily total suspended particle threshold of 120 μg/m 3 . However, it must be noted that the elevated loading of 0.05 m 2 /mL, which parallels a PM exposure of 1982 μg/m 3 , is only 20% the PM 10 value present in a single dust storm [Engelbrecht et al., 2009a; Lyles et al., 2008] . Therefore, while this particle loading is elevated relative to previous ISR experiments, the total particle burden in the lungs is likely underrepresented. Furthermore, this study evaluates an acute exposure. U.S. soldiers deployed in Iraq and Afghanistan are not only exposed to a single high-intensity dust storm but also to elevated ambient dust levels and multiple dust storms over the course of months to years [Lyles et al., 2008] .These acute to moderate exposure durations are also most likely to induce cardiovascular events on top of respiratory issues [Pope et al., 2011] .
While it is likely that high and persistent dust exposure is the main factor in the development of decreased lung function and respiratory illnesses seen in U.S. soldiers, other factors may contribute, for example, CVD's small particle size and complex morphology. The specific surface area of CVD is a factor of 2.5 higher than both NIST reference materials utilized in the present study. The fine particle size could lead to a deeper deposition of the particles in the human lung than many other soils or dusts. Furthermore, the particles are sharp and appear to be aggregated into clumps. It is not clear whether this aggregation persists after deposition in the lung. Should the aggregates remain intact then many may be too large for phagocytosis. Due to the high PM 10 values in the Greater Middle East, particle overload likely contributes to the observed illnesses and the small particle size of individual particles will exacerbate the disruption of AM-mediated phagocytosis and efferocytosis. The porous aggregates may also harbor a plethora of bacterial, fungal, and viral colonies as indicated by other work on Iraqi dust samples [Lyles et al., 2008] . The present study determined that both CVD and FID contained high concentrations of endotoxin. It is important to note that although the A549 lung epithelial cell line is a good indicator of proinflammatory activity, particularly geochemical based, their lack of lipopolysaccharide receptors (CD14 and CD18) is a limiting factor in determining overall hazard of a material [Palmberg et al., 1998; Wright, 1991] . Knowing this, the low ISR generated by the CVD and FID only indicates low geochemical-based toxicity and not low overall toxicity of the dust. In the end, it is a very complex situation without a straightforward answer. However, the most consistent trend is that U.S. and coalition soldiers stationed in the Middle East that were exposed to high concentrations of PM for a moderate period have developed respiratory issues. Given the lack of a definitive trend for the other susceptibility and vulnerability factors, they are likely more additive or synergistic contributors, rather than the main driver of pathogenesis [Falvo et al., 2015] .
Conclusions
There is nothing unusual about the CVD in terms of its chemistry, mineralogy, ability to generate ROS upon dispersal in water, or induce cellular inflammation or cytotoxicity in A549 lung epithelial cells. However, CVD is slightly cytotoxic and generated an ISR that increased with increasing particle loading and time. The slight inflammatory nature that exists seems to be attributable to the carbonate phases and elements associated with the carbonate phases, which includes manganese. While it is possible that this dust does not represent the bulk dust present in Iraq, given the highly elevated PM 10 and PM 2.5 levels in the Middle East, it is likely that particle overload is the underlying cause for the health problems among U.S. personnel, who served in Iraq and not the geochemical composition [Frank and Ottoboni, 2011] . Additionally, organic contamination in Greater Middle East dusts, such as the endotoxin found in CVD, will also contribute to pathogenesis. However, in order to definitively determine the cause of the lung injury, more experiments need to be performed not only with other Iraqi dust samples but also with an array of toxicological techniques utilizing in vivo mouse exposures.
